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LIQUID BASED ELECTRONIC DEVICE 

TECHNICAL FIELD AND BACKGROUND OF INVENTION 

The invention relates to an electronic device. The invention further 
relates to an integrated circuit comprising such an electronic device and 
methods using such an electronic device. The invention also relates to a 
5 control device for controlling electrical properties of an electronic device and 
a computer program product 

A substantial part of modern technology is based on electronic devices 
that manipulate the flow of charge carriers, such as 'holes' and 'electrons', in 
solid state semiconductors, e.g. transistors and integrated circuits (IC). The 
10 flow of the charge carriers in those semiconductor devices is determined 

both by the physical properties ('state') of the semiconductor device and the 
state of the device terminals at which the voltage of (parts of) the 
semiconductor device is controlled and current is applied. 

The physical properties of a semiconductor device are in turn 
15 determined in large measure by the profile of impurities ('doping') which 
determines the distribution of fixed charge, i.e. the charge that is (more or 
less) independent of the local electric field. The doping profile is built into 
the semiconductor device as it is made by rather elaborate chemical and 
physical processing and is inflexible. It is, more or less, impossible to alter 
20 the doping profile after manufacturing the device. The doping profile is an 
important determinant of the qualitative properties of the device, i.e. 
whether the device is a bipolar transistor, field effect transistor, silicon 
controlled rectifier, etc. Once manufactured, most of these devices cannot be 
converted from one type to another. 
25 Most of the known semiconductor devices can be classified in 

substantially two classes, unipolar and bipolar. In an unipolar device the 
doping is of a single type, e.g. positive or negative. Examples of unipolar 
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devices are Metaloxide Semiconductor Field Effect Transistors (MOSFET) 
and Schottky- diodes, A bipolar device have opposite types of doping, e.g. 
positive and negative, which types may be placed in separate areas thus 
forming n-p junctions. Examples of bipolar devices are bipolar junction 
5 transistors and PN-junction diodes. 

The physical state of the device terminals is determined for the most 
part by the voltage (and current) applied to them. The voltage and current 
can be easily controlled in time by a large range of analog and digital 
circuits which in turn can be controlled with high resolution by widely 

10 available integrated circuits in computer systems. The voltage and current 
can further be controlled in space by using an array of terminals, each of 
which receives a separate current and/or voltage, for example, from the 
output of an operational amplifier under computer control. The array of 
terminals in fact can be controlled by nearly the same circuitry and 

15 computer systems (hardware and software) that control gate arrays and 

memory chips. Using state of the art technology, the physical properties of 
the terminals are controllable in space and time on a scale of 10 nmeter and 
larger and 100 nsec and longer, using conservative estimates of technology 
available in 2002. 

20 Although the state of the device terminals is easy to control, the other 

main determinant of the properties of a device — the state of the 
semiconductor itself, i.e., its doping profile — is hard to control. Despite the 
considerable sophistication of the known electronic devices, they have the 
important disadvantage of inflexibility. Once the doping profile is built into 

25 the semiconductor device during manufacture, it is difficult, if not 

impossible, to change the profile. The physical state of the semiconductor is 
determined once and for all when it is manufactured. 

Besides semiconductor devices in which the main current carriers are 
holes and electrons, also devices are known in which ions in aqueous 

30 solution are the main current carriers. Both classes of devices have 
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advantages: electrons and holes are inherently very much faster, while ions 
allow chemical properties to be exploited. Ionic integrated circuits (IIC's) are 
devices in which a controlled flow of ions in solvents (chiefly but not 
exclusively water) is achieved. IIC's can be built that mimic solid state 
5 integrated circuits because the equations of ionic current flow are (nearly) 
identical to the equations of electron and hole current flow in 
semiconductors [1,8-16]. Where the properties. of IC's are determined by the 
spatial distribution of doping governing the distribution of a fixed charge, 
the properties of IIC's can be determined for instance by the spatial 

10 distribution of fixed charge in a polymer matrix, along the wall of a protein 
channel or along the wall of a carbon nanotube. For example, if a fixed 
charge in either an IC or an IIC is positive in one region and then negative 
in the adjacent region, a PN junction diode is produced, which can be 
immediately recognized by its current-voltage characteristics. 

15 However, IIC's too have the disadvantage that doping in the IIC is set 

once and for all when the device is made. The doping is a result of the 
physical and chemical structure of the device and so the doping in an IIC, 
like the doping in a semiconductor device, cannot be changed once the device 
is built. 

20 

SUMMARY OF THE INVENTION 

It is a goal of the invention to provide a more flexible device and in 

particular a device with a temporal or spatial variable doping profile. 

Therefore, the invention provides an electronic device according to claim 1. 
25 A device according to the invention is flexible because the doping in the 

channel can be controlled via the charge or voltage on the electrode. 

Furthermore, the invention provides an integrated circuit according 

to claim 24, and methods according to claims 25-28. Such an integrated 

circuit and methods are also flexible because the doping in the device used 
30 in the integrated circuit or methods is flexible. 
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The invention also provides a control device for controlling electrical 
properties of the control electrodes of an electronic device according to the 
invention. The invention also provides a computer program product 
comprising program code for performing steps of a method according to the 
invention when run on a programmable device. 

Specific embodiments of the invention are set forth in the dependent 
claims. Further details, aspects and embodiments of the invention will be 
described with reference to the figures in the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 schematically shows a cross-sectional view of an example of an 
embodiment of a device according to the invention. 

FIG. 2 schematically shows a cross-sectional view of the example of 
FIG. 1 taken along line II-IL 

FIG. 3 schematically shows a block diagram of the example of FIG. 1 
connected to a control circuit. 

FIG. 4 schematically shows a cross-sectional view of an example of an 
embodiment of a device with two channels connected to each other. 

FIG. 5 schematically shows a cross- sectional view of an example of an 
embodiment of a device according to the invention used as an unipolar 
device. 

FIG. 6 schematically shows a cross -sectional view of an example of an 
embodiment of a device according to the invention used as bipolar device. 

FIG. 7 schematically shows a cross-sectional view of an example of an 
embodiment of a device according to the invention used as a bipolar device 
with current injection. 

FIG. 8 schematically shows a cross- sectional view of an example of an 
embodiment of a device according to the invention which may be used for 
chemical reactions or catalysis. 
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FIG. 9 schematically shows a cross-sectional view of an example of an 
embodiment of a device according to the invention implemented in an 
integrated circuit 

FIG. 10 schematically shows a cross-sectional view of an example of 
5 an embodiment of a device according to the invention with an annular 
shaped channel. 

DETAILED DESCRIPTION. 

In the following, the invention is explained in more detail with 

10 examples of devices and methods in which ions are the main type of charge 
carrier. However, the invention may likewise be applied in IC's with 
electrons and/or holes as the dominant type of charge carriers. Specifically, 
but not exclusively, in applications where speed is not the defining figure of 
merit the invention may be used with substantial advantages with respect 

15 to flexibility and control with electrons and holes as the main type of charge 
carrier. Furthermore, the term 'fluid' as used herein comprises any non-solid 
state medium, such as: a liquid, a gas, a (partial) vacuum, a plasma or 
otherwise. 

In FIG. 1, an example of an embodiment of a device according to the 
20 invention is shown. The device comprises a channel 10 surrounded by an 
electrically insulating wall 11. The wall 11 has an inner wall surface 12 
facing towards the channel interior 14 and an outer wall surface 13 facing 
away from the channel interior. On the outer wall surface 13, a number of 
electrical contacts or pads 15 is positioned. The pads 15 may be of a metallic 
25 or a semiconductor material and are electrically insulated from the channel 
interior 14, but in capacitive contact with at least a part of the channel 
interior 14. The pads are connectable via conductors or wires 18 to a control 
circuit, for example a control circuit as shown in FIG. 3. 

In use of the device, charge carriers are present in the interior 14 of 
30 the channel 10. The charge carriers may for example be ions in a liquid, 
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such as an aqueous solution containing for example salt ions, such as Na + 
and CI". Via the conductors or wires 18, the charge or voltage of the pads 15 
can be controlled. In the example of FIG. l.each pad 15 is connected to a 
separate wire 18 and thus the voltage or charge on each pad can be 
5 controlled independent from the voltage or charge on the other pads 15. 

Thus for instance the left hand pair of pads 15 in FIG. 1 may have a voltage 
different from the voltage on the central pair, which again may differ from 
the voltage of the right hand pair, thus controlling the doping profile along 
the channel. 

10 Because the charge or voltage on the pads is controlled, the electrical 

characteristics of the channel in the vicinity of the pads are controlled. More 
specific, in the example the pads 15 are in capacitive contact with the 
channel interior 14. Each pad 15 thus acts as a plate of a capacitor while the 
channel interior 14 near a pad 15 acts as a capacitor plate as well. The 
15 channel wall 11 acts as a dielectric between the capacitor plates, e.g. a pad 
15 and the respective part of the channel interior 14. Hence, by changing 
the charge on or voltage of one of more pads 15, the channel interior 14 will 
perform its role as a capacitor plate and the voltage or charge in the channel 
10 is changed or said differently: a change is induced in the channel by the 
20 changing the charge on or the voltage of the pads (and hence a current is 
induced in the channel interior). 

The induced charge in the channel acts like doping because it has the 
same effect on the electrical and diffusion properties (i.e., the 
electrochemical properties) of the channel as a fixed charge, (i.e. a doping), 
25 in the channel. Thus, via the charge on the pad, the charge in the channel 
and thus the doping of the channel is controlled and can be changed. Hence, 
in a device according to the invention the doping is flexible with respect to 
time and space because the charge or voltage on the pads is flexible. 

The voltage on a pad may for example be controlled by connecting the 
30 pad to an amplifier device, which controls the voltage on the pad. For 
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example, the amplifier may be the output of a digital to analog converter 
(DAC). Reading a sequence of (binary) numbers into the input of the DAC 
gives a certain output voltage as explained above. Via the voltage on the 
pad, the voltage or charge in the channel is controlled and hence the doping 
5 of a device according to the invention. The sequence of (binary) numbers can 
be provided by widely available computer circuitry on a very rapid time 
scale. 

In the example of FIG. 1, the channel interior 14 is in contact with 
reservoirs 17 via openings 16, as is indicated with the dot-striped lines in 
10 FIG. 1. The reservoirs 17 contain a fluid and ensure that the composition of 
the fluid in the channel remains substantially invariant over time. The 
channel of the example of FIG. 1 has a width of about a few Debye lengths 
k~ 1 of the ionic solution in the channel (k~ 1 = 0.3/ C* in nmeter for a 
monovalent salt in water), however such a dimensioning is not strictly 
15 necessary. For the sake of clarity, the Debye length is a measure of the 

distance over which the electric charge is screened. In the screening process, 
mobile charges rearrange when a charge is inserted. The mobile charges 
within a few Debye lengths rearrange so they balance the inserted charge. 
Beyond a few Debye lengths the inserted charge and rearranged charge 
20 balance so the inserted charge is said be screened. 

In FIG. 2 a cross-section of the example of FIG. 1 is shown, taken 
along the line II-II in FIG. 1. The channel 10 has a substantially rectangular 
cross-section. The channel may likewise have a differently shaped cross- 
section, such a triangular, circular or otherwise. As is shown in FIG. 2, the 
25 channel 10 is surrounded by pads 15, i.e. there are not only pads on what 
may be seen in FIG. 1 as the top and bottom wall of the device, but also on 
the side walls. Rather, the pads are on each side of the channel in FIGs. 1 
and 2. In the example of FIGs. 1 and 2, pads which in circumferential 
direction of the channel are positioned on different places, but in the 
30 longitudinal direction (i.e. in FIG. 1 from one of the openings 16 to the other 
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opening) are positioned on the same place are all connected electrically and 
thus have the same electrical potential. This geometry makes the electrical 
potential inside the channel in a cross section of the channel more or less 
uniform and allows the device to function more simply, without the 
5 complexities introduced by an uncontrolled spatial variation in potential. 
However, it is likewise possible to implement pads at the same longitudinal 
position that are electrically separated from each other. In this case, the 
electrical field in the channel can be varied via the pads in a more flexible 
way, for example pads facing each other may be set to different voltages to 
10 separate positive and negative charge carriers from each other. 

FIG. 3 shows a part of an example of a device according to the 
invention connected to a control circuit. However, an electronic device 
according to the invention may likewise be connected to another type of 
control circuit, for example a non-programmable dedicated hardware circuit 
15 or otherwise. The control circuit in FIG. 3 comprises a charge control device 
CC connected to the pads 15 via the wires 18. The charge control device CC 
is connected to a digital to analog converter device or DA-converter DAC. 
DA-converters are generally known in the art and the DA-converter may be 
of any type suitable for the specific application. The DA-converter may for 
20 example be of a type as is known from compact disc players, which are in 
general of a high quality and cheap. The DA-converter DAC is 
communicatively connected to a processor device 33 of a standard personal 
computer PC. In the example of FIG. 3, the personal computer PC has an 
input device, e.g. a keyboard 31, and an output device, e.g. a monitor or 
25 display 32. The keyboard 31 and the monitor 32 are communicatively 
connected to the processor device 33 in the personal computer PC. The 
processor device 33 is also communicatively connected to a memory device 
34. 

An operator of the electronic device 10 according to the invention may 
30 select via the keyboard 31 values of the charge or voltage to be applied to 
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one or more of the pads 15. The selected values are then processed by the 
processor device 33 and displayed at the monitor device 32, in the shown 
example as a matrix 35 with the selected values. The processor device 33 
also transmits digital signals representing the values to the DA-converter. 

5 The DA-converter converts the digital signals to analog control signals, for 
example as a voltage at one or more outputs of the converter. The analog 
control signals are transmitted to the control device CC and used by the 
control device CC to control the charge or voltage on the pads. 

In the example of FIG. 3, the charge control device CC is arranged to 
10 control the voltage on a pad 15 to maintain a constant charge on the 

respective pad and thus, ceterus paribus, a constant charge in the channel 
interior 14. As explained, the channel interior in the vicinity of a pad 
behaves like a region of doping. The value of that effective dopant charge 
can be varied by changing the charge or voltage on the pad by inputting a 

15 different value via the keyboard 31. It is likewise possible to control the 
charge by running a computer program stored in the memory 34 on the 
processor device 33, which contains the values of the charge or voltage, 
optionally as a function of time and or space and controls the charge control 
device CC in correspondence with the values in the program. 

20 The charge control device CC may be implemented in any way 

suitable for the specific application. Many different ways are known in the 
art to control the charge on each pad, ranging from the simple use of a large 
voltage that swamps variation in potential or capacitance in the channel, to 
feedback devices that sense and measure the capacitance from the pad to 

25 the solution in the channel (for example using a four electrode method) and 
control the voltage on the pad to keep the charge constant. It should be 
noted that the charge Q = CV ,with C representing the capacitance and V the 
voltage. Thus, the voltage Vcan be varied by a feedback circuit to keep the 
dopant charge Q constant at the desired value if the capacitance C is 

30 measured or known. Because the current I is the time derivative of the 
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charge Q, the capacitance C is related to II V and may for example be 
determined by superimposing on an off-set voltage a very small AC voltage 
and measuring the resulting AC current. 

In an electronic device according to the invention, the distribution of 
5 the fixed charge may easily be changed by adjusting the charge on the pads, 
so the device can be easily changed from, for example, a PNP transistor to an 
NPN transistor or to a diode by inverting the charge type on the pads. 
Spatial and temporal control of doping are simultaneously available, 
because each spatially distinct pad can have its voltage (and thus charge) 
10 controlled as a function of time. In this way one and the same physical 

geometry can be switched from being a diode (for example) at one time, to a 
PNP transistor at the next time, to a PNPN thyristor and back and forth. 

The example of FIG. 5, has two pads 15a positioned facing each other 
on the opposite sides of the channel, i.e. one pad lies on what may be seen as 
15 the top of the channel and the other pad on what can be regarded as the 
bottom. As shown in FIG. 5, the pads 15a can operate the device as a 
unipolar device, since only negative doping is present. The example of FIG. 
5 can for example behave like a Field effect transistor, a MOS-capacitor, a 
Schottky-diode or otherwise. In FIG. 5, the channel has electrodes 23,24 
20 which can inject a current into the channel. Thus, contrary to the pads 15a, 
the electrodes 23,24 are not separated from the channel by the electrically 
isolating wall of the channel but in conductive contact with the channel 
interior 14. The electrodes may for example be electrically connected to a 
suitable voltage or current source to provide the current to be injected. 
25 Preferably, the electrodes 23,24 are reverse electrodes which provide 

a good current to flow from one of the electrodes 23 to the other electrode 24 
or vice versa. The electrodes 23,24 are positioned at a distance from the 
pads 15a. Thus, unwanted interaction in the channel between the injected 
current and the charge or current induced by the pads is prevented. Such 
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unwante interaction may for example be changes in the doping profile by 
the voltage on the electrodes 23,24 or by the injected current or otherwise. 

The charge on the pads of an electronic device according to the 
invention may likewise be controlled to set the electronic device to behave as 
5 a device of a different type than in the example of FIG. 5. For instance if the 
device has a multiple of pads, the device may be controlled to be a bipolar 
device or an integrated circuit comprising a multiple of devices connected in 
series or in parallel. For example in FIG. 6, the device has two pads 15a,15b 
on each of two opposite sides of the channel of which the left pad 15a is kept 
10 at a positive charge and the right pad 15b is kept at a negative charge, both 
independent of the potential in the channel. Thus, the electronic device of 
FIG. 6 according to the invention acts as a bipolar device, and more specific 
as a NP-diode with the N-P junction in the middle between the pads 15a ,15b. 
Therefore, if a current is injected at the electrode 24, which thus is the 
15 cathode contact of the diode (at the right in the FIG. 6), the device will 

conduct the current to the electrode 23, the anode contact (at the left in FIG. 
6), i.e. the device acts as a diode in forward, while if a current is injected at 
the anode contact 23 the device acts as a diode in reverse, i.e. the device 
does not conduct the current. 
20 In the example of FIG. 7, the charge on the pads 15a- 15c is controlled 

such that the doping in the channel in the region of pad 15b in the middle is 
negative. The regions of the other two pads 15a,15c are positively doped. 
Near the pads 15b in the middle, a direct electrode 15d is present. The 
direct electrode 15d is in conductive contact with the channel and can inject 
25 a current in the channel interior. In FIG. 7 the direct electrode 15d is in 
direct contact with the channel interior and at least a part of the direct 
electrode lies physically in the channel interior. Thus, the device in FIG. 7 
can act as a P-N-P bipolar junction transistor (BJT). When injecting a 
current at one of the electrodes 23, 24, the conductivity of the device may be 
30 controlled by the current injected with the direct electrode 15d and the 
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charge or voltage induced in the channel via the pads 15a-15c. By reversing 
the charges or voltages on the pads 15a-15c, e.g. switching the positively 
charged pads to a negative charge and vice versa, the device of FIG. 7 can 
for example be changed from a PNP BJT into a NPN B JT. When no current 
5 is injected via the direct electrode 15d, the device can for example act as a 
PN-diode connected in series with a NP-diode. 

In the examples of FIGs. 6 and 7, P-N junctions are shown, however it 
is likewise possible to apply a different voltage or charge to the control 
electrodes, such that for example P-P++ junctions are obtained or no junction 
10 at all. In general, the electrodes can be used to obtain any charge 
distribution suitable for the specific implementation. 

In a device according to the invention, the channel has length and 
thus can extend over an array of pads, while the charge or voltage of each 
pad may be separately controlled, for example because each pad is 
15 separately connected to its own amplifier and DAC. In such an array of 

pads, easily addressable access to each pad is available. A device according 
to the invention with an array of pads closely resembles a CMOS memory or 
a gate array chip. Simple computer programs can thus control the voltage 
on a spatial distribution of pads. Each pad is controlled to a voltage (and 
20 thus charge) set by a number stored in some memory location. In this way a 
single device having a certain physical geometry can be made into a variable 
series arrangement of devices of different types (e.g., PN diode in series with 
PNP transistor etc etc). All that is necessary is to read into each pad the 
appropriate voltage, and thus charge, i.e., doping. For example, in the 
25 simplest case, an amplifier holds the voltage constant and thus, as long as 
the capacitance does not change significantly, the charge will be constant 
and behave just as fixed charge. 

The resolution of the spatial control is determined by the spacing 
between the pads. The temporal resolution is determined by the speed with 
30 which the voltage and charge on the pads may be varied. The ability to 
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create a doping profile is determined by the accuracy with which the 
amplifier can control the charge on the pad. If the capacitance is constant, 
that accuracy is determined by the output current of the amplifier and the 
"slew rate" that is the fastest speed at which an amplifier can change its 
5 output voltage, nowadays many volts per microsecond. If the capacitance 
between pad and channel interior varies significantly, additional circuitry 
may be provided to control charge, for example by varying the voltage on the 
pads as the capacitance changes. 

A device according to the invention may be electrically connected to 
10 other devices, such as for example conventional solid state devices in which 
holes and electrons are the charge carriers. In such case, a device according 
to the invention may be combined with such solid state devices in a single 
integrated circuit. FIG. 9 shows a cross-sectional view of a device according 
to the invention suitable for use in an integrated circuit. The device in FIG. 
15 9 is implemented on a substrate 21, such as for example is known in the 
semiconductor industry as a 'wafer'. The substrate 21 may for example 
contain Si, GaAs, Al x O y or otherwise. On the substrate 21 an electrically 
insulating material 22 is deposited, for example Silicon Oxide. In the 
insulating material 22 channels 10 are provided. The insulating material 22 
20 forms the walls of the channels 10. Near the channels, electrical contacts or 
pads 15 are situated which pads are electrically separated from each other 
and the channel 10 by the isolating material 22. The pads 15 are connected 
via connections 18 of a conducting material to other circuitry, such as for 
example MOS (Metal Oxide Semiconductor) devices or otherwise. 
25 A device according to the invention can be built to be selective 

between different types of charge carriers, and for example discriminate 
between types of ions. For example, a polyelectrolyte with high charge 
density, such as a polymer like polyglutamate, may be placed in the 
channel, in which case the mobile ions will be crowded. Different ions 
30 behave differently when crowded (i.e., they have different free energies per 
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mole when at the same number density) because they have different 
diameter and charge. These crowded charge effects interact with the simple 
electrostatics of the IIC to produce controllable selectivity, as in natural 
biological ion channels. A device according to the invention with a 
5 polyelectrolyte acts as a rectifier for different types of ions, which chemical 
rectifier can be moved in space, allowing specific ions to be swept along from 
place to place. Similarly, a PNP arrangement in the presence of a 
polyelectrolyte in the channel will make a chemical amplifier just as it 
makes an electrical amplifier. Current flow can be carried by a wide range of 
10 ions and so selectivity of different ion types is possible under computer 
control in a device in accordance with the present invention. In this way, 
separation can be possible on a bulk scale, including the use of such devices 
for desalination. 

A device according to the invention may contain a large number of 

15 channels in parallel. Thus, large amounts of current can be controlled even 
if the current in individual channels is small. 

In the example of FIG. 4, two channels 10,10' are interconnected via 
cross channels or connections 19. In the example of FIG. 4, seen in a 
longitudinal direction of the channels, the connections 19 each are 

20 positioned between two pads 15. Via the connections 19, particles from one 
channel can be brought into the other. For example, if in the channel 10, 
water with Na + ions is present, while in the channel 10' only CI* ions are 
present, the ions from the channel 10 may be inserted in the channel 10' by 
appropriate control of the charge on the pads 15. E.g., by putting the pads in 

25 the channel 10 ? near the opening on a negative potential, thus attracting the 
positive Na + ions. The connections 19 between the channels 10 may also be 
used to bring two reactants together in order to perform a chemical reaction 
and transport them further or lead them along a chemical reactant or 
catalyst, for example by implementing a part of one of the channels as is 

30 shown in the example of FIG. 8. 
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In the example of FIG. 4 channels are connected in a two dimensional 
manner, however layering technology allows the channels to be built and 
connected in three dimensions, giving an large increase in density and 
flexibility to the devices. 
5 In the examples shown in FIGs. 1-7, seen in a longitudinal direction 

of the device, one, two or three sets of pads are positioned next to each other. 
However, it is likewise possible to provide a device according to the 
invention with a different number of (sets of) pads and therefore provide a 
device according to the invention with a different number of junctions. The 
10 number of junctions in series is determined by the maximum allowable 
length of the channels, as well as the size and density of junctions. 

Preferably, the channels are of such length that significant current 
flows at reasonable voltages. Currents of 1 pA (pico Ampere) can easily be 
measured using devices designed and sold by the inventor and his 
15 collaborators. Voltages below 2 Volts can be applied to the electrodes at the 
ends of the channel without fear of electrolysis, and much larger voltages 
may be possible for example if they have brief duration, or time integrals of 
(nearly) zero. Thus, combining the mentioned current and voltage the 
channel may have a resistance of 10 11 Ohms. The voltage on the pads 15 can 
20 be very large (e.g., even hundreds of volts) and thus a large dynamic range 
of 'fixed' charge is practical. It should be noted that the invention is not 
limited to these values and other currents, voltages and resistances are 
likewise possible in a device according to the invention. 

The charge or voltage on the pads can be changed in time, thus 
25 generating a time-dependent modulation of the doping profile in a device 
according to the invention. The doping profile of a device according to the 
invention may not only be varied as a function of time, but also in space, for 
example by moving the location of transitions in charge. Also, by switching 
the charge at different pads at different times, a wave of doping can (in 
30 effect) be made that will can sweep charge carriers (of the appropriate sign) 
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through space. The transitions to be moved can for example be transitions 
from negative to positive charge or vise versa (such as between the pad 15a 
and the pad 15b in FIG. 6), which are from hereon also referred to a PN- 
junctions, or transitions in the concentration of charge, e.g. P-P++ 
5 transitions. For instance in the example of FIG. 7, by appropriate changes of 
the charge or voltage on the pads 15a-15c, the position of the p-n or n-p 
junctions can be moved. Current carriers in the channel that remain 
preferentially in the PN junction area (or, oppositely, outside the area) will 
then be swept along, allowing spatial translocation, Le., pumping. If the 
10 location of changes in sign is varied in a suitable alternating manner or 

irregularly, mixing will occur. If the channel is built with branches, as in the 
example of FIG. 4, and pads are placed just below the nodes of those 1 
branches, the flow of current carriers can be switched from one branch to 
another. Switching of the charge carrier flow in the channels can thus be 
15 controlled, i.e. using the control circuit of FIG. 3, by changing the voltage or 
charge on the pads. The fluid will move along with the charge carriers, 
especially if the charge carriers are ions, and so besides ion flow solvent flow 
and bulk flow can be controlled this way as well. 

The spatial and temporal control of the doping profile may be 
20 combined, whereby spatio-temporal waves of doping can be created, with PN 
junctions moving through space that can sweep charge carriers through 
space. Likewise, sets of a plurality of junctions, for instance NPN devices 
(and thus transistors) may be moved in similar manner. Such propagating 
devices will sweep charge carriers along. Thus a pumping is obtained of 
25 charge carriers, of water (which is dragged along with the charge carriers), 
and of other solutes, dragged along as well. For example by including dyes 
in the ionic solution in the channel, the device may be used as an electro- 
optical device. 

A device according to the invention may be used to exploit chemical 
30 differences of charge carriers not found in known semiconductor devices. 
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The current flow in semiconductors is, more or less, restricted to two types 
of quasiparticles, e.g. holes and electrons. Current flow in ionic solutions is 
carried by a wide range of ions. Spherical metallic ions (e.g., Li + ,Na + , K + , 
etc; Oa - "", Ba**, etc) have a wide range of diameters and properties; ionic 
5 organic compounds offer an large number of possibilities: any soluble 
organic acid or base provide a new pair of charge carriers. Since each of 
those charge carriers behave differently in an electrical field, for example 
because of differences in mass, dipole moment or otherwise, the charge 
carriers may for example be electrically filtered or specific chemical 
10 reactions may be performed. 

FIG. 8 shows an example of a device according to the invention which 
is especially suited for performing chemical reactions or catalysis. On the 
inner surface 13 of the wall 12 lies a suitable chemical reactant or catalyst 
20. The reactant or catalyst 20 in use is within the electrical field of one or 
15 more of the pads 15. The electrical field caused by the charge on the pads 15 
changes the electrochemical potential of reactants and products in the 
channel. Thus, by changing the charge on the pad, the electrochemical 
potential may be changed above or below the activation energy of the 
respective chemical compound, thus enabling or inhibiting a chemical 
20 reaction or catalysis. This is similar to the way the charge of the dopant in a 
solid state semiconductor influences generation and recombination of charge 
carriers or how a fixed charge on an amino acid residue changes the local 
electrical potential and thus the ionization state of nearby weak acid amino 
acids [17-20]. For example, enzymes may be used as catalysts and reactants 
25 resulting from the catalysis may diffuse out of the catalyst to the location 
through the channel. The reactants may then diffuse in the channel or the 
wall of the channel may be made of a permeable material such that (some of 
) the reactants diffuse out of the channel, for example into another channel. 
An electronic device according to the invention may be used to 
30 separate chemical compounds in the channel, such as different ion types in 
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the fluid. An electronic device according to the invention is particularly 
suited to separate chemical compounds because a large number of junctions 
can be placed in series. Thus, even a small separation or selectivity in the 
channel at one pad can be converted into large overall separation. 
5 Control of the selectivity is possible because the selectivity between 

different ion types in a device according to the invention is controlled by a 
fixed charge density, which in a device according to the invention is 
controlled by the charge or voltage on the pads and hence controllable, for 
example by a computer as in the example of FIG. 3. To increase the 
10 selectivity performance, an aqueous ion exchanger may be put into the 

channel, preferably with a charge density as high as possible. An example of 
such an ion exchanger is poly glutamic acid. The carboxylate groups of this 
polymer are dissolved into the aqueous environment and occupy space 
otherwise occupied by ions and water. 
15 i n FIG. 10, a device according to the invention with a annular 

channel is shown which is especially suited for separating compounds with 
different densities. The device has a channel inlet 16 via which a fluid may 
be injected in the device. The device also has a channel outlet 16' for 
transporting the fluid in the channel interior 14 further. An annular device 
20 may for example be used to centrifuge the fluid, thus separating heavy and 
light compounds in the fluid. By appropriate control of the pads 15 on the 
inlet 16 and outlet 16', the channel may be closed or opened for specific 
compounds in the fluid or for the entire fluid. For example, the pads near 
the outlet and inlet may be positively charged, thus repelling positive ions in 
25 the channel and attracting negative ions and hence forming a filter passing 
negative ions only. 

A device according to the invention may be used in a Programmable 
Logic Devices (PLD). PLDs are widely used in the electronics industry to 
build digital circuits. A device according to the invention can be utilized to 
30 build a configured circuit device (CCD). For example, a device according to 
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the invention can be arranged as a matrix structure and implemented in an 
integrated circuit structure. By programming the device according to the 
invention, for example using conventional semiconductor memory elements 
to drive the control electrodes or pads, parts of the device according to the 
5 invention can be configured to be a diode, a pnp or npn transistor, a resistor, 
or simply an open or a short circuit, which yields to an analog or a digital 
circuit. 

It should be noted that the above-mentioned examples illustrate 
rather than limit the invention, and that those skilled in the art will be able 

10 to design may alternatives without departing from the scope of the 

appended claims. For example, the control circuit may comprise a suitably 
programmed general purpose computer connected via a DAC to the contact, 
a specific electronic circuit or otherwise. Also, if separate pads are set to the 
same voltage, they may be integrated into a single pad. For instance in the 

15 example of FIG. 2, the pads on different walls may be implemented as a 
single casing of conducting material, locally covering the entire 
circumference of the channel. Further, in a device according to the 
invention, the channel may be straight, curved or otherwise. In the claims, 
any reference signs placed between parentheses shall not be construed as 

20 limiting the claim. The word 'comprising' does not exclude the presence of 
other elements or steps than those listed in a claim. The mere fact that 
certain measures are recited in mutually different claims does not indicate 
that a combination of these measures cannot be used to advantage. 
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